A mechanism for proofreading -biosynthetic processes requiring high accuracy is described. The previously understood "kinetic proofreading" mechanism of enhancing accuracy has distinguishing characteristics such as the non- (1-3) . From these, it now appears that the "editing" of some prokaryotic DNA polymerases (8-11), the operation of several of the aminoacyl tRNA synthetases (12) (13) (14) , and the use of elongation factor Tu-GTP in protein synthesis (15) (16) (17) 
its identification in aspects of DNA (1, 2) . Errors can represent a serious limitation on the gbiliity to process biochemical information, and cells make use of many error-reducing and errorcorrecting mechanisms to keep errors in DNA, RNA, and protein synthesis at low levels.
Kinetic proofreading is the simplest general mechanism of error prevention at the molecular level (2, 3) beyond a bruteforce increase of AGt (and concomitant reduction of f0) by precise stereochemical constraints. In cases in which the enzyme does not [or even in principle cannot (1, 4) ] increase the simple discrimination energy AGt, proofreading can nonetheless be used to reduce errors far below fo at the cost of an additional expenditure of energy (2, (5) (6) (7) . Kinetic proofreading schemes have readily identified hallmarks (1) (2) (3) . From these, it now appears that the "editing" of some prokaryotic DNA polymerases (8) (9) (10) (11) , the operation of several of the aminoacyl tRNA synthetases (12) (13) (14) , and the use of elongation factor Tu-GTP in protein synthesis (15) (16) (17) (2) for the system to proofread well. This scheme seems to be used in acylating tRNA (12) (13) (14) . Scheme 3 is used in protein synthesis, in which S is the ternary complex Tu-GTP-aatRNA, and S' is aatRNA (15) (16) (17) . Scheme 3 also reflects the way in which-prokaryotic DNA polymerases can proofread (8) (9) (10) (19, 20) . Simple kinetic proofreading has identifying characteristics because of the branched pathway and the position of the branch after the energy-use step. For definiteness, these will be stated for a DNA polymerase, with parenthetic remarks about protein synthesis. Correct nucleoside triphosphates will be called dATP; incorrect triphosphates will be called dBTP.
(i) In the presence of a large excess of incorrect dBTP compared to correct (dATP) ones, there must be turnover of dBTP --dBMP. The entire scheme depends on such turnoter.
(The analog in the case of protein synthesis and codon reading is the hydrolysis of GTP from the ternary complex. Tu-GTP* aatRNAaa-ribosome-mRNA without amino acid incorporation when the codon match is wrong.)
(ii) The scheme requires the stoichiometry ratio for the correct substrate alone to be greater than 1.0, so there may be These three hallmarks of conventional kinetic proofreading by DNA polymerases all exist by virtue of the fact that the exit path for errors in proof is as dNMP. [A similar scheme can obviously be generated with dNDP as the exit path, but does not seem to occur (21) .] It has generally been presumed that in the absence of i, fi, and Iii a simple DNA polymerase reaction (without additional energy couplings, as to an additional external ATP cleavage) cannot proofread. The next section is a counter example to this presumption. An energy relay in kinetic proofreading Let E** be a high-energy metastable state of enzyme E, and E* be a less high-energy state. P-P 2 E**+ S E**S E'S E S -E** +Ps.
The qualitative description of the enzyme reaction is as follows. If the enzyme is in state E, the substrate binds, and product forms with normal Michaelis accuracy fo by pathway 1. This reaction, however, does not regenerate E, but leads to E**, using some of the available energy of the phosphate cleavage to alter the state of the enzyme. The formation of (E**S) is then done with the usual Michaelis accuracy, followed by an "irreversible" change to E*S. The forward rate, a to ES and the abortion rate I# to E + S can be arranged so that the material reaching the state ES via pathway 2 has been effectively proofread by exit path HIf. E*S can be such a high-energy intermediate that the reverse reaction to Hi is immaterial. Reaction " is now made rapid compared to 6b for all substrates, so that essentially all material that arrives at ES from pathway could be followed by other slow steps before Ps was formed with no alteration of accuracy considerations.) In this process, some substrates E*S have followed path l:, yielding E + S. These enzyme molecules must be recycled via pathway 1, and the substrate processed in this recycling step will not be proofread. In addition, because z is fast, the reaction a must exhibit its discrimination in the "on" kinetic constants, contrary to reaction I#, for which discrimination in the "off" kinetic constants is possible. This is why it is necessary in this scheme to have two side branches rather than one. In general, it seems that the "exit path for errors" cannot be the restarting pathway and still obtain a net proofreading.
Note that the only way the substrate leaves the enzyme is as S or Ps. Applied to a DNA polymerase, such a scheme becomes dNTP + DNAn E**^dNTP.DNA5.E** 
The hallmarks of proofreading by an energy relay
The energy relay system for proofreading rejects some substrates, both correct and incorrect, by pathway /3. Immediately after doing so, the enzyme is in state E, and the next substrate molecule to be turned into product (by pathway 1) will not be proofread. Such a restarting pathway is essential to the simple system. (It could be avoided by a separate energy-supplying external restarting system that converted E to E** by using an energy source such as ATP. Such an energy relay system would normally consume much less than stoichiometric ATP, because restarting is not a common event. It would lack both the characteristics of simple kinetic proofreading and the following characteristics i and ii and have instead more subtle symptoms.)
The use of this essential restarting pathway 1 produces most of the behaviors by which the occurrence of such a proofreading might be recognized. These characteristics include: polymerases, an increased probability of using the proofreading pathway while attempting to read base X will increase the error fraction for other base pairings.) ( iii) The start-up round from E is less accurate than the typical turnover and is characterized by different kinetics.
(iv) The system may exhibit phenomena such as pyrophosphate exchange without pyrophosphorolysis in DNA replication. Such a possibility depends on many details, but arises because in reaction 7 "reversal" by pyrophosphate may generate E rather than E**.
The existence of three structural and chemical states, E, E*, and E**, with appropriate kinetic constants is fundamental to the operation of the enzyme in this proofreading mode. E** and E may be relatively easy to study either structurally or kinetically. The existence of E* will be much harder to demonstrate in detail. In view of this difficulty, a search for the identifying characteristics seems the easiest way to look for examples of this phenomenon. Biological questions and circumstances related to energy relay proofreading A simple polymerase with a proofreading exonuclease activity such as Escherichia coli DNA polymerase I or III (8, 9) or T4 DNA polymerase (10) has features that are not ideal in a DNA replicating system. First, in the absence of substrate they degrade their product. Second, under conditions of low substrate concentrations or to maximize accuracy much of the precious substrate is lost, turned into dNMP rather than product. Third, when there is a mutilated base or damage in the DNA sequence being copied, these polymerases uselessly turn over substrates, dNTP dNMP, searching in vain for a correct match when none is possible. Energy relay proofreading does not degrade DNA (except trivially, by pyrophosphorolysis), and never turns over dNTP except to add a base to a growing strand. There may thus be a biological circumstance that favors this solution to the accuracy problem.
In many systems involving accuracy there are systematic discrepancies or incompletenesses of understanding which leave room for the occurrence of energy relay proofreading. The following examples are not eidence for such proofreading, but merely indications of systems whose characteristics suggest an energy relay might be operating.
The accuracy of codon reading on the ribosome depends on the energization of the system in ways beyond that expected from simple kinetic proofreading (23) alone. It is also clear that tRNA being recognized by a codon triplet at the ribosomal A (aminoacyl) site has at least two states on the ribosome (24-27), one weakly bound and one more tightly bound. Kurland et al. (28) described an "accuracy enhancement" scheme in which the multiple configurations of tRNA bound to a ribosome were used to enhance accuracy. While close inspection and thermodynamics indicates that this system is merely postulated to have a large LIGt in a particular configuration reached after several steps, a true enhancement function of the multiple configurations can be correct if the system uses energy relay proofreading. Energy relay proofreading could occur even for protein synthesis without Tu, using either the peptide bond formation energy or the translocation GTP to drive the reaction.
The aminoacyl-tRNA synthetases, which select amino acids and their tRNA, also have peculiarities. While some of them do seem to exhibit proofreading, others with perhaps similar fidelity problems (12, 13) do not. For the E. coli protein activating isoleucine, complications were of such a nature that Loftfield (29) was led to surmise that the normal enzymatic pathway was not the same as that followed by kinetic attempts to examine intermediates through artificially arresting the reaction. And while this enzyme seems to show proofreading, there is a discrepancy in the kinetic parameters associated with enzymatic deacylation. The apparent rate seems to depend on whether it is measured in the acylation reaction or in the reverse direction, and in addition (30) it is unexpectedly biphasic when charged tRNA is used as a substrate. An enzyme displaying unsuspected states such as E** and E* could readily show this kind of discrepancy.
In DNA polymerases, there are anomolous results involving pyrophosphate. While E. coli DNA polymerase I exhibits pyrophosphorolysis and pyrophosphate exchange, calf thymus polymerase a does not, and it is inhibited both competitively and noncompetitively by pyrophosphate (31) . Such an unnecessarily tightly bound pyrophosphate could have a function in defining E**. The avian myeloblastosis virus reverse transcriptase exhibits much lower fidelity in pyrophosphate exchange (32) than in polymerization, a result perhaps associable with the distinction between E and E**. Unfortunately, both these results are also compatible with more mundane explanation.
Alberts and coworkers (ref. 33 ; W. Miller and B. Alberts, personal communication) found in their study of the T4 polymerase replicon reason to pursue the idea of a "pre-reading" of a base at the next site, not yet at the pyrophosphate cleavage site on the polymerase. To use this hypothesized event as a kinetic proofreading process necessitated coupling it to an additional ATPase. Energy relay proofreading provides a mechanism for such a process even without an ATP coupling. The general nature of the accuracy enhancement from the addition of single-strand binding protein to polymerase reactions (34) causes one to wonder whether something other than brute force accuracy is involved.
In DNA replication, there is evidence that an undecipherable lesion at one point in the DNA reduces the accuracy of replication at distant sites. These SOS "inducible" widespread errors (35, 36) are normally thought of in terms of a new (or modified) error-prone polymerase. Energy relay proofreading coupled with somewhat nonprocessive (at least at lesions) DNA synthesis would in itself produce fidelity reduction throughout the genome in the presence of DNA damage. Substances or conditions that slow DNA synthesis would generally be expected to be mutagens in this scheme, particularly if spontaneous relaxation from E** to E takes place. (This effect is in the opposite direction from that to be expected of simple kinetic proofreading, in which a slowing-down often gives the exonuclease proofreading path a better chance to operate.)
The relationship between observations and biological functions is very subtle in this problem. If nature has chosen to use this mechanism, only a fanatic enzymologist would have been so complete that he might have directly constructed the mechanism from experimental results. The foregoing "evidences" indicate only that there is room, in what is known and speculated, for energy relay proofreading to be operative. Appendix: The energy relay-an example of dynamic cooperativity "Cooperativity," as normally used to describe enzyme properties, refers to a system with several distinct binding sites that interact when they are occupied (37) (38) (39) . In the most common usage, there are at least two binding sites for a given substrate, with the binding or enzymatic activity or both of one site dependent on the occupancy of the other site at the same time. This kind of cooperativity might be termed "static," because its properties arise from the occupancy at one point in time of two spatially separated sites.
An enzyme with a single binding site for a given substrate, but with multiple internal states, can have properties (for interacting with its present bound substrate molecule) that depend on what has happened to a substrate molecule that recently left that same site. This kind of cooperativity between binding events at a single spatial site at different times might be termed "dynamic" (or temporal). The energy relay uses dynamic cooperativity.
Dynamic cooperativity can mimic some properties of static cooperativity. For example, a sigmoid dependence of the rate of product generation on free 2 E* + S -E*S ES E* + P 
